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ABSTRACT 
The hydrogen induced cracking of generic Fe-C-Ti and Fe-C-V ferritic alloys 
was investigated to assess the influence of precipitates on the hydrogen 
sensitivity of a material. The formed precipitates were evaluated with scanning 
transmission electron microscopy (STEM). Melt and hot extraction were 
performed to determine the total and diffusible hydrogen content, respectively, 
after cathodic hydrogen charging. Two types of hydrogen induced cracks were 
evaluated, i.e. cracks formed by electrochemical hydrogen charging with and 
without application of an external load on the sample. Evaluation of the 
hydrogen induced cracks and the role of precipitates was performed by 
combining optical microscopy, scanning electron microscopy (SEM), and 
electron backscatter diffraction (EBSD).  
INTRODUCTION 
It is well-documented that hydrogen has a detrimental effect on the 
mechanical properties of steels, especially on the ductility [1, 2]. Introducing 
efficient hydrogen traps should reduce the hydrogen embrittlement (HE) 
susceptibility as it lowers the amount of diffusible hydrogen, which primarily 
contributes to the hydrogen induced ductility loss [3]. The presence of 
precipitates in a material could, therefore, have a beneficial effect [4]. However, 
these precipitates, which trap and therefore accumulate hydrogen, might also be 
the ideal initiation sites for hydrogen induced cracks (HICs) [5, 6]. 
This study will work with relatively simple steels consisting of a ferrite 
matrix with precipitates to evaluate the effect of certain precipitates on the HIC 
resistance. The hydrogen content in the generic alloys will be assessed by hot 
and melt extraction. Further on, HICs formed with and without application of an 
external load will be investigated by optical microscopy, scanning electron 
microscopy (SEM) and electron backscatter diffraction (EBSD). 
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MATERIALS AND EXPERIMENTAL PROCEDURE 
Two laboratory cast, hot and cold rolled Fe-C-X materials were used. Their 
compositions are shown in Table 1, where the ternary element X was either 
titanium or vanadium. The cold rolled materials were subjected to a specific heat 
treatment (see Fig. 1) to obtain a ferritic matrix with precipitates. 
 
Table 1: Chemical composition of Fe-C-X alloys, with X being Ti or V. 
Wt% C X N Al Fe 
Fe-C-Ti 0.1 0.38 0.005 0.03 Balance 
Fe-C-V 0.1 0.57 0.0045 0.03 Balance 
 
Figure 1: Heat treatment performed on cold rolled plates. 
 
The materials were electrochemically charged in an electrolyte consisting of 
0.5 M H2SO4 with 1 g/l thiourea. During charging, the sample acted as cathode 
whereas the anodes were platinum foils present at both sides of the sample. On 
the one hand, HICs were introduced in the samples by charging without 
application of an external load. The samples were hydrogen charged for varying 
charging times and current densities to determine the conditions at which 
internal cracking and blistering occurred. On the other hand, slow strain rate 
tensile tests with in-situ electrochemical charging were carried out. For such 
tests notched tensile samples were used and a constant strain rate of  
1.11 x 10-5 s-1 was applied. In order to assess the hydrogen induced cracking 
behavior under externally applied load, the samples were first pre-charged at a 
current density of 0.8 mA/cm² for 1 h and subsequently, tensile tests were 
started under continuous charging. As a reference, samples were equally tested 
in air. Samples were strained until reaching the tensile strength and until 
fracture. 
Microstructural characterization was carried out by light optical 
microscopy, SEM, EBSD and scanning transmission electron microscopy 
(STEM). Hot and melt extraction were used to determine the diffusible and total 
amount of hydrogen inside the materials, respectively. The materials were 
electrochemically charged at a current density of 0.8 mA/cm² for 1 h in a 0.5 M 
H2SO4 - 1 g/l thiourea electrolyte. Hot extraction was executed at 300 °C, while 
melt extraction was executed at 1600 °C, both in a Galileo G8 set-up. Melt 
ASME-2017 book.indb   106 7/14/17   11:33 AM
107

a) c)b)
100 nm 2 µm 100 nm
extraction was equally performed on uncharged samples to determine the initial 
amount of hydrogen in the materials.  
RESULTS AND DISCUSSION 
 
Material characterization 
The selected heat treatment resulted in a coarse grained ferritic matrix with 
numerous precipitates for both alloys (see Fig. 2). In the Fe-C-V alloy, mostly 
small carbides (V4C3 [7]) and some medium sized incoherent carbonitrides 
(V(C,N)) were found (see Fig. 3a). In the Fe-C-Ti alloys, small coherent 
carbides and larger incoherent carbides (TiC) and carbonitrides (Ti(C,N)) were 
found (see Fig. 3b and c). The small coherent carbides were expected to play the 
most prominent role in the current experiments, since Pérez Escobar et al. [8] 
demonstrated that incoherent carbides do not trap hydrogen when charged 
electrochemically. The shape of the small coherent carbides in both alloys 
differed clearly, i.e. needle-shape for V-carbides, while globular for Ti-carbides, 
which could play a role in hydrogen trapping, crack initiation, and propagation.  
a) b)
50 µm
RD
ND
50 µm
 
Figure 2: Microstructure of a) Fe-C-Ti  and b) Fe-C-V alloy. 
 
Figure 3: STEM images of a) small coherent V4C3, b) incoherent Ti(C,N), 
c) small coherent TiC (indicated with arrows). 
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Hot and melt extraction 
The total amount of charged hydrogen and the amount of diffusible 
hydrogen are given for both materials in Fig. 4.  Diffusible hydrogen contributed 
to about 10 % of the amount of charged hydrogen for Fe-C-Ti, whereas this 
contribution was about 60 % for Fe-C-V. Titanium-based precipitates thus trap 
hydrogen more effectively than V-based ones, as such reducing the diffusible 
hydrogen, which is considered as the most harmful type of hydrogen [6]. The 
amount of trapped hydrogen after hydrogen charging rises up to 1.4 wppm in 
Fe-C-Ti and only up to 0.3 wppm in Fe-C-V. Takahashi et al. [9] showed that 
trapping occurs at the interfaces of titanium precipitates, while trapping in V-
based precipitates occurred most probably inside the precipitates [7]. More 
details on the trapping behavior of both materials will be available when 
complementary thermal desorption measurements are carried out. 
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Figure 4: Hot and melt extraction results of Fe-C-Ti and Fe-C-V. 
 
 
Figure 5: Stress-strain curves of Fe-C-Ti and Fe-C-V tested until fracture in 
air and hydrogen charged conditions. 
 
Tensile tests with in-situ electrochemical charging 
In Fig. 5, stress-strain curves of both materials tested in air and hydrogen 
charged conditions can be seen. The embrittlement index of Fe-C-V is larger 
than the one of Fe-C-Ti, i.e. 0.62 versus 0.53, respectively. The former is thus 
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more prone to HE. Due to the crucial role of diffusible hydrogen in the 
mechanical degradation, its higher concentration in this alloy might explain this 
observation [4,6].  
Crack analysis was performed on samples strained until tensile strength. A 
surface image taken at one of the notches is illustrated in Fig. 6. S-shaped cracks 
near the main crack and in a V-pattern ahead of the main crack tip were 
observed on the top surfaces of both alloys, as illustrated in Fig. 6 for Fe-C-Ti.  
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Figure 6: a) SEM image of a top surface of the hydrogen saturated Fe-C-Ti 
alloy strained until tensile strength. b) Magnification of a HIC. 
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Figure 7: Hydrogen induced cracks in Fe-C-Ti. a) SEM image, b) [001] 
inverse pole figure map, and c) phase map resulting from an EBSD analysis. 
 
HICs were observed through the entire thickness of the materials and were 
analyzed by EBSD (see Fig. 7). Crack growth occurred dominantly 
transgranular (see Fig. 7b) and local orientation gradients indicating plastic 
deformations were observed around the cracks. Large, fractured carbides were 
often found along the cracks in both materials (see Fig. 6b and Fig. 7). The exact 
location of crack initiation might be linked to the presence of precipitates. Some 
possible causes are the brittle character of precipitates, hydrogen inside 
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precipitates resulting in a pressure build-up, hydrogen at the precipitate-matrix 
interfaces causing hydrogen enhanced decohesion at the interface, or interaction 
of dislocations with precipitates during straining leading to well-defined 
substructures prone to hydrogen induced crack initiation in the vicinity of 
precipitates. 
 
Electrochemical charging tests without external load  
The amount of observed blisters on the sample surface of Fe-C-Ti samples 
charged using variable charging conditions is presented in Fig. 8. The number of 
blisters increased for longer charging times and higher current densities as more 
hydrogen had entered the material in these cases. A large amount of small 
blisters was observed for this material in comparison to a simple ferritic matrix 
without precipitates [10] (see Fig. 9). This implies that the Ti-based precipitates 
act as initiation sites for HICs, as was equally observed when an external load 
was applied (see Fig. 6b). Blisters were distributed homogeneously on the 
sample surface of Fe-C-Ti samples (see Fig. 9a).   
 
 
Figure 8: Number of blisters in Fe-C-Ti as a function of charging conditions. 
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Figure 9: a) Overall optical microscopy image of Fe-C-Ti charged at  
10 mA/cm² for 1 day. b) Magnification of blisters.  
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Blister cross sections are shown in Fig. 10. Cracks mainly propagated 
transgranular as seen in the [001] inverse pole figure map in Fig. 10a. Large 
orientation gradients were observed around the cracks (see Fig. 10a), indicating 
that cracks propagated due to the build-up of internal pressure and the plastic 
deformation resulting from it [11]. A clear interaction of cracks with large 
titanium carbides was demonstrated as well (see Fig. 10b). Most likely the HIC 
initiated at the carbide, due to hydrogen build-up at its interface. 
 
80 µm
80 µm
25 µm
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Figure 10: a) SEM image and [001] inverse pole figure map, and b) SEM 
image and phase map of a blister in Fe-C-Ti (10 mA/cm², 1 day). 
 
Fe-C-V was very resistant to blister and HIC formation. A maximum of six 
blisters was observed if the charging conditions induced blisters (see Fig. 11). 
The blisters were all small in size. When more severe charging conditions were 
applied, a competing phenomenon must occur, since no blisters were observed 
anymore. No interaction between cracks and vanadium carbides could be 
established by EBSD, since the resolution did not allow visualization of the 
carbides. The Fe-C-V alloy clearly showed a higher HIC resistance than Fe-C-
Ti, indicating that the V precipitates are much less prone to hydrogen 
accumulation, which most probably leads to cracking. The large amount of 
diffusible hydrogen present in this material seems not to have a strong 
detrimental effect with this kind of hydrogen induced cracking, in contrast to the 
phenomenon occurring under external load. These observations imply that the 
role of diffusible hydrogen in the mechanisms of both phenomena is completely 
different. Under external stress, a larger presence of diffusible hydrogen 
aggravates the hydrogen embrittlement susceptibility under external load, while 
this does not seem to affect largely the blistering behavior of a material. On the 
other hand, efficient hydrogen trapping decreases the hydrogen embrittlement 
susceptibility, but does seem to enhance blister formation. Also, the typical 
characteristics of the different carbides and other precipitates could play a major 
role. More profound studies are necessary to further clarify the observations.  
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Figure 11: Number of blisters in Fe-C-V as a function of charging conditions. 
CONCLUSIONS 
Hydrogen induces cracks in ferritic materials containing either titanium or 
vanadium based precipitates. In the Ti-based alloy most hydrogen was trapped 
quite deeply, while in the V-based alloy a considerable amount of hydrogen was 
trapped reversibly and thus, present as diffusible hydrogen. Fe-C-Ti was less 
susceptible to hydrogen induced cracking under external load than Fe-C-V, 
however, much more sensitive to blister formation with large incoherent 
titanium based precipitates acting as main crack initiation sites. Fe-C-V was 
very resistant to blister formation in contrast to its hydrogen induced cracking 
behavior under external load. The large amount of diffusible hydrogen was here 
not critical when no external load was applied. These observations imply that 
the role of diffusible hydrogen in the mechanisms of both phenomena is 
completely different. 
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